In the present work, we report on the preparation of microgels of chitosan crosslinked with sodium tripolyphosphate (TPP) employing the microfluidics technique (MF). To achieve this, several flow focusing geometries were designed and tested. As a first step, a two-inlet flow focusing geometry was employed to emulsify chitosan and the crosslinking reaction was carried out offchip. This procedure did not allow separating the resulting chitosan microgels due to an incomplete crosslinking reaction. A crosslinking reaction on-chip was studied as an alternative. A four-inlet flow focusing geometry was designed in which three dispersed phases, chitosan 0.25% (w/v), TPP 0.05% (w/v) and acetic acid 1% (v/v) and an continuous phase mineral oil + Span 80 (3% w/v) were employed. The flow rates for the continuous phase were varied from 6.7 to 11.7 µL/min and chitosan microgels were successfully obtained with average diameters from 68 to 42 µm. The average size of the microgels outside the MF device decreased up to ∼21% with respect to their size inside the MF device due to partial expulsion of water from the microgels when complete gelation occurred.
Introduction
Chitosan is a biopolymer derived from chitin, a widespread natural polysaccharide found in the exoskeleton of crustaceans such as crab and shrimp [1, 2] . Chemically, chitosan is a copolymer β-[1→4]-linked 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose [3, 4] . It is soluble in acidic aqueous solutions (at pH <6), where the pH-sensitive primary amine groups on the glucosamine monomer units becomes charged. This switchable amine group enables chitosan to form a variety of gel-like structures [5] through its exposure to different crosslinking agents. In particular, crosslinking of chitosan with sodium tripolyphosphate, (TPP) constitutes a mild and efficient method to achieve chitosan microparticles for various biomedical applications, among them, carriers for drug delivery [3, 6] or materials for encapsulation of iron oxide nanoparticles for magnetic hyperthermia [7] . The process of crosslinking of chitosan with TPP consists of the electrostatic interaction between positively charged chitosan and negatively charged TPP molecules and can be achieved by dropping a chitosan solution into a sodium tripolyphosphate solution [8] . This method of preparation does not allow controlling the resulting particle size, and in addition it gives rise to large particle-size distributions of the resulting microgels. For polymer microgels intended to be employed as drug delivery carriers, particle size distribution influences burst release and overall rates of release so that the preparation of monodisperse polymer particles has gained a lot of attention in the past few years [9] .
Continuous microfluidic (MF) synthesis offers a facile approach for the generation of microgels with controllable dimensions in the range from tens to hundreds of micrometres and very low polydispersity [10] . In general, microfluidic approaches for making droplets involve the injection of one liquid phase (the dispersed phase) into another immiscible liquid phase (the continuous phase) through a specially designed microfluidic device [11] . In this point, droplets are sheared off at the junction where the two phases meet. We recently reported on the preparation of composite agarose/chitosan microgels using microfluidic emulsification in a flow focusing device in order to obtain polymer particles with narrow polydispersity. The gelation of agarose to embed chitosan chains was achieved within the microfluidic device just by cooling down the flow channel. In this way, chitosan chains retained its pH response and the combination with the thermosensitivity of the agarose matrix gave rise to dual (pH and temperature) response properties attributed to each of the constituted polymers [12] .
A number of papers have reported the preparation of chitosan microparticles crosslinked with TPP by MF techniques employing a T-junction design. This design allowed for the emulsification of chitosan inside the MF device. The crosslinking reaction with TPP was achieved outside the MF device in a reservoir which contained the TPP solution [13, 14] . Likewise, a capillary-embedded T-junction microfluidic device has been employed for the emulsification of chitosan aqueous droplets that were subsequently solidified by combining chemical crosslinking with glutaraldehyde using a solvent extraction method. Microspheres with three typical structures, namely porous, core-shell, and solid structures, were successfully prepared by controlling the solidification time [15] . However, none of these studies have attempted to carry out the reaction of crosslinking on chip. For these processes, the drop formation rate should be greater than the crosslinking rate in order to suppress the gelation process before the drops are sheared off from the junction point. This process has been achieved for calcium-alginate beads by direct rapid mixing of alginate and calcium chloride solutions in a microfluidic T-junction [16] .
The production of chitosan microgels has been mainly accomplished by the following processes: spray-drying (atomization), coacervation (precipitation), emulsification and shear break-up [10, 13] . However, these methods have the drawbacks to generate particles without a control over their dimensions and the samples are inherently polydisperse. This fact, could affect their performance in applications as drug delivery, controlled encapsulation or in uptake studies [10, 14] . It is worth pointing the importance of particle size and particle size distribution on pharmaceutical uses such as drug encapsulation [17] and controlled drug delivery [18] . Microfluidic strategies offer a control over the shapes, morphologies, and size distribution of polymer colloids [10, 19] . But also, MF can provide precise control of mixing of reagents, residence time and reaction temperature for the synthesis of microparticles [20] .
The aim of this study is the preparation of chitosan microgels crosslinked with TPP on chip. To achieve this aim, different geometries of the device were designed and experimental parameters such as the concentrations and flow rates of the continuous and the dispersed phase were varied.
Experimental part

Materials
Chitosan from shrimp's shell (Heterocarpus vicarious) with a deacetylation degree (DD) of 65% and molecular weight (Mw) of 362 kDa, was supplied by Polymers Laboratory, National University, Costa Rica. Non-ionic surfactant Span-80, acetic acid, sodium tripolyphosphate, phosphate buffered saline (PBS, pH= 7.4), hexane and mineral oil (viscosity 30 cPs) were supplied by Aldrich-Sigma (Canada) and used as received.
Photoresist resin (SU-8 50, 3050) was purchased from Microchem Co. (MA, USA). Sylgard 184 Silicon Elastomer kit was received from Dow Corning Corp. (Midland, MI) and was mixed with the curing agent containing a crosslinker (dimethyl-methylhydrogen siloxane, Aldrich) and an inhibitor (tetramethyltetravinyl cyclotetrasiloxane, Aldrich) at 10:1 (w/w) ratio. The deionized water was obtained from the Millipore Milli-Q water purification system.
Fabrication of microfluidic devices
Microfluidic devices were fabricated through soft photolithography, a well-established and widely used process for patterning structures out of a photoresist on a substrate (typically a silicon wafer). Masks (or photomasks) of microfluidic channels of microdevice were previously designed using AutoCad 2007®(Autodesk Inc., USA) software. The designs were printed on high-resolution transparencies (Pacific Arts and Designs Inc., Markham, Canada) using ultra-high resolution printers with a resolution of 20,000 dpi.
Silicon subtract masters consist of a positive bas-relief of photoresist on a silicon wafer. Fabrication of the negative masters with microchannel features was carried out with SU-8 photoresist (SU-8 50) deposited on 10 cm diameter silicon (Si) wafer [21] . Firstly, the photomask was placed overtop the photoresist layer/ Si wafers, and the system was exposed to UV-light (Karl Suss MA6 mask aligner, λ = 365~405 nm) to cure the photoresist and create the patterned microchannels. A typical exposure time was approximately 30 sec.
Following UV exposure, a post-bake process was conducted to enhance the crosslinking of the UV-exposed areas of the photoresist. The post-baked wafers with the crosslinked patterns of the microchannels were immersed during 10 min in a developer solution (1-methoxy-2-propanol acetate) to remove the non-crosslinked regions of the photoresist. The substrates with the microchannel patterns were rinsed several times with isopropanol and methanol and dried under a gentle stream of nitrogen.
The base poly (dimethylsiloxane) (PDMS) elastomer was mixed with the curing agent containing a crosslinker (dimethyl-methylhydrogen siloxane) and an inhibitor (tetramethyltetravinyl cyclotetrasiloxane) at 10:1 (w/w) ratio. Air was removed from the mixture under vacuum (Isotemp* Model 282A Vacuum Oven, Fisher Scientific*) during 20 min. Then, the mixture was poured onto the master and baked at 75°C in an oven (Mechanical Convection Oven DKN 400, Yamatp Scientific America Inc.) for at least 4 hrs.
After curing, the replica was peeled from the master, and holes were created with a blunt-tipped needle at the designated positions, which correspond to the inlets and outlets of the MF device. Next, the replica and a plane PDMS sheet were oxidized in a plasma cleaner chamber (PDC-3XG, Harrick, USA) for 90 sec. and after the plasma-treatment the replica and the plane PDMS sheet were brought in contact and sealed immediately.
Finally, polytetrafluoroethylene tube (0.05 cm outer diameter, Small Parts, USA) was forced tightly into the holes and then the system is ready to carry out the experiment by microfluidic device.
Generation of chitosan microgels off-chip
In this case, an aqueous chitosan solution 0.5% (w/v) was employed as the dispersed phase and the continuous phase was mineral oil + Span 80 (3% w/v). Both phases were supplied to the flow focusing droplet generator with two inlets at 25°C using two independent syringe pumps (Harvard Apparatus 33 Dual Syringe Pump, USA) (Figure 1a) . After chitosan emulsification, the droplets were collected in a reservoir containing 5 mL of a mixture of TPP solution at 5% (w/v) and hexane in a volume ratio of 1/1 (Figure 1b ). Volumetric flow rates were of the continuous phase, Qo, was 20.0 and 26.7 µL/min, while the volumetric flow rates were of the dispersed phase, Q d , was 8.3 and 3.3 µL/min respectively. The experiment was carried out at room temperature. The emulsion formed in the reservoir was centrifuged at 14000 rpm for 10 min (Eppendorf Microcentrifuge, Model 5430R) in order to recover the resulting chitosan microgels. 
Generation of chitosan microgels onchip
First, a flow focusing device with three different inlets was used (Figure 2a ). In this case, an aqueous chitosan solution 0.5% (w/v) and a TPP solution 0.5% (w/v) were employed as the dispersed phase and mixed prior to the flow focusing junction. The continuous phase was mineral oil + Span 80 (3% w/v). Moreover, in the point where the formation of the droplets takes place (shown in Figure 2a) , six different designs were employed but only two designs will be discussed in the results and discussion part. Their dimensions were the same to those reported for the geometry shown in Figure 1 . Volumetric flow rate of the continuous phase, Qo, was 6.7 µL/min, while the volumetric flow rates corresponding to the chitosan solution and the TPP solution were set to 8.3 µL/min and 4.2 µL/min. A second series of experiments were performed using a flow focusing device with four different inlets (Figure 2b ). In this case, an acetic acid 1% (v/v) solution was supplied to the fourth inlet in order to reduce the interaction between the polymer (chitosan) and the crosslinking agent (TPP).
The volumetric flow rate for the acetic acid solution was set to 8.3 µL/min. The flow rates of the chitosan solution and the TPP were set to 5 µL/min, and 6.7 µL/min. Chitosan solution was prepared to a final concentration of 0.25% (w/v) in acetic acid 1% (v/v) and TPP solution to a final concentration of 0.05% (w/v). Mineral oil + Span 80 (3% w/v) was employed as the continuous phase. The volumetric flow rates of the continuous phase, Qo, were varied to 6.7, 9.2 and 11.7 µL/min. As can be observed in the Figure 2b , the device has two serpentines. The first one was used to improve the interaction between the dispersed phases, and the second one was used to increase residence time of chitosan microgels and thus increase the hardening of the resulting chitosan microgels. All the experiments were carried out at room temperature. The resulting suspension was centrifuged at 14000 rpm for 30 min (Eppendorf Microcentrifuge, Model 5430R) in order to recover the resulting chitosan microgels.
Characterization of droplets and chitosan microgels
The diameters of the precursor droplets and the corresponding microgels were determined by analysing optical microscopy images using Image Pro 5.0 (media Cybernetics, USA) software. The polydispersity is expressed as the coefficient of variance (CV) and it is defined as CV (%) = (σ/D) x 100, where D is the mean diameter (µm) and σ is the standard deviation. Figure 3 shows the optical images corresponding to the formation of chitosan droplets inside a two-inlet flow focusing device. In this case, a chitosan solution 0.5% (w/v) was employed as the dispersed phase. As can be observed in Figure 3 , chitosan emulsification was achieved and the average diameter calculated for chitosan droplets was 16 µm with a CV of 4.6%, which indicates that chitosan droplets are nearly monodisperse.
Results and discussion
Generation of chitosan microgels off-chip
As it is well known, there are two different regimes that can occur during the emulsification, the dripping and the jetting regime [22] . A jetting regime can be observed in the formation of chitosan droplets in Figure 3 . This regime is obtained when a continuous thread of the dispersed phase extends into the outlet channel and breaks far downstream of the orifice [22] . This kind of regime is no desirable, because it is unstable and the droplets obtained are usually smaller than the width of the orifice. In fact, droplets obtained under jetting the regime are accompanied of satellite droplets, which increase their CV. However, for our system, we did not observe the formation of satellite droplets. The droplets moved through the downstream channel and they were collected in a reservoir containing a mixture of a TPP solution+hexane in order to achieve the crosslinking of chitosan droplets. This process takes place, when the droplets gradually solidify from the surface to the inside [14] . However, a homogeneous crosslinking process for chitosan droplets was difficult to achieve since chitosan droplets were immersed into a hexane/TPP solution in the reservoir. Therefore, it is difficult to ensure an appropriate contact with the TPP and the resulting microgels could not be separated by centrifugation due to their small size (16 µm). Previous investigations that reported this method of crosslinking reaction off-chip of chitosan droplets [14] , obtained chitosan microparticles with sizes ∼300 µm that could be separated by centrifugation and thus ensure their crosslinking.
On the basis of these results, we decided to change the design of the MF device for the generation of chitosan microgels to ensure the interaction among the chitosan droplets and the crosslinking agent (TPP).
Generation of chitosan microgels on-chip
In order to prepare chitosan microgels and to ensure their crosslinking reaction, TPP solution was included as a sec-ond dispersed phase, enabling chitosan-TPP interaction inside the microfluidic device. For this first experiment we employed the flow-focusing droplet generator with three inlets (Figure 2) . As a first step, a serpentine prior to the junction was added to the geometry device in order to increase the time of chitosan-TPP interaction and thus facilitate the crosslinking of chitosan prior to droplet formation. The results shown in Figure 4a allow to observe fiber formation at the junction point where chitosan droplets are formed. In fact, only a few seconds are necessary to achieve the crosslinking reaction of chitosan with TPP, therefore it is very hard to overcome the surface tension of the final fiber. In order to reduce time of chitosan-TPP interaction, a second geometry device was designed in which the serpentine prior to the flow focusing junction was eliminated and the results are shown in Figure 4b . In this case, unstable droplets were obtained which also gave rise to fiber formation (see the inset image in Figure 4b ). Figure 4b shows the fiber formation.
According to the results shown in Figure 4 , a threeinlets flow focusing MF device does not allow the generation of chitosan droplets and, instead, fiber formation is observed. In order to overcome this, a four-inlet device was designed in which an acetic acid aqueous solution (1% v/v) was supplied to the fourth inlet as shown in Figure 5a . The addition of acetic acid through a separate channel avoided a direct contact between the chitosan and TPP flows. In addition, the concentrations of chitosan and TPP were decreased with respect to the ones employed in the threeinlets flow focusing MF. In this way, the interaction between chitosan and TPP is reduced. The flow rates of all the dispersed phases were increased to accelerate particle formation. Figure 5 shows optical images corresponding to chitosan droplets formed across different parts of the fourinlet device. Three different flow rates of the continuous phase were employed: 6.7, 9.2 and 11.7 µL/min. The flow rates of the three dispersed phases, chitosan 0.25% (w/v), TPP 0.05% (w/v) and acetic acid 1% (v/v) were fixed at 5 µL/min, 6.7 µL/min and 8.3 µL/min, respectively. This geometry allows mixing chitosan with TPP, mainly in the first serpentine (left column, Figure 5 ). The successful formation of chitosan microgels under the employed experimental conditions demonstrates that the stability of the system is improved with respect to the experiment performed within the three-inlet device and that the concentrations employed were appropriate. Besides, fiber formation was avoided for all the flow rates of the continuous phase under study. A second serpentine was added to the design in order to increase the residence time of the chitosan microgels within the microfluidic device and hence to promote hardening of the resulting chitosan microgels (center column, Figure 5 ). Finally, chitosan microgels exited the device through the outlet tubing as shown in the images of the right column. Images on the left column correspond to chitosan microgels moving downstream into the first serpentine, images in the center column correspond to chitosan microgels into the second serpentine and images on the right column correspond to chitosan microgels exiting the device through the outlet tubing.
It is important to note that the microgel shape within the MF channel is not spherical due to geometry constrictions which give rise to elongated microgel shapes which are known as plugs [23] . This is mainly observed in the images corresponding to chitosan microgels into the first and the second serpentine (left and center columns in Figure 5 respectively) . Once chitosan microgels exit the device through the outlet tubing they get a spherical shape as can be observed in the images shown in the right column in Figure 5 . From analysis of these optical images, the average diameter of the chitosan microgels on-chip decreased with the flow rate of the oil phase being 68, 57 and 42 µm for Qo of 6.7, 9.2 and 11.7 µL/min, respectively. Figure 6a shows an optical micrograph corresponding to the chitosan microgels off-chip (outside the MF device) prepared with a flow rate, Q 0 set to 9.2 µl/min. (Figure 5b ). The distribution of diameters corresponding to chitosan microgels on-chip (before exiting the device) and off-chip (outside the device) is shown in Figure 6b . The black curve corresponds to the distribution of the diameters of chitosan microgels before exiting the device and the red curve corresponds to the distribution of the diameters of chitosan microgels outside the device. The experimental data points were fitted to Gaussian distribution.
As can be observed in Figure 6b , there is an important difference regarding the average diameter obtained for chitosan microgels before and after exiting the outlet tubing of the MF device. The average diameter corresponding to the chitosan microgels outside of the device is 10 µm which represents a decrease in their size up to ∼21% with respect to their size inside the device due to partial expulsion of water from the microgels when complete gelation occurred.
Conclusions
In this work, we set up a microfluidic device in order to achieve crosslinking of chitosan with TPP on-chip as an alternative to crosslinking off-chip that does not assure homogenous crosslinking. Crosslinking reaction on chip among chitosan and TPP was very fast and presented some drawbacks such as high polydispersity of the droplets and fiber formation which prevented droplet formation. For this reason, a four-inlet MF device was designed that allowed to obtain chitosan microgels with sizes around 10 microns and a CV lower than 13%. The microfluidic technique using PDMS devices allows to easily change the geometry configuration, and to control several experimental parameters such as the flow rates of the dispersed and the continuous phase at the same time.
